The sodium/iodide symporter (NIS) mediates active I − transport in the thyroid-the first step in thyroid hormone biosynthesis-with a 2 Na + : 1 I − stoichiometry. The two Na + binding sites (Na1 and Na2) and the I − binding site interact allosterically: when Na + binds to a Na + site, the affinity of NIS for the other Na + and for I − increases significantly. In all Na + -dependent transporters with the same fold as NIS, the side chains of two residues, S353 and T354 (NIS numbering), were identified as the Na + ligands at Na2.
The sodium/iodide symporter (NIS) mediates active I − transport in the thyroid-the first step in thyroid hormone biosynthesis-with a 2 Na + : 1 I − stoichiometry. The two Na + binding sites (Na1 and Na2) and the I − binding site interact allosterically: when Na + binds to a Na + site, the affinity of NIS for the other Na + and for I − increases significantly. In all Na + -dependent transporters with the same fold as NIS, the side chains of two residues, S353 and T354 (NIS numbering), were identified as the Na + ligands at Na2.
To understand the cooperativity between the substrates, we investigated the coordination at the Na2 site. We determined that four other residues-S66, D191, Q194, and Q263-are also involved in Na + coordination at this site. Experiments in whole cells demonstrated that these four residues participate in transport by NIS: mutations at these positions result in proteins that, although expressed at the plasma membrane, transport little or no I − . These residues are conserved throughout the entire SLC5 family, to which NIS belongs, suggesting that they serve a similar function in the other transporters. Our findings also suggest that the increase in affinity that each site displays when an ion binds to another site may result from changes in the dynamics of the transporter. These mechanistic insights deepen our understanding not only of NIS but also of other transporters, including many that, like NIS, are of great medical relevance.
Na
+ /I − symporter | NIS | Na + -driven cotransporters | Na + binding site | protein dynamics T he sodium/iodide symporter (NIS), a member of solute carrier family 5 (SLC5), is the key plasma membrane protein that mediates active iodide (I − ) uptake in the thyroid gland, the first step in the biosynthesis of the thyroid hormones (THs), of which iodine is an essential constituent (1). The extensive characterization of NIS at the molecular level began with the 1996 isolation by our group of the cDNA that encodes NIS (2). NIS couples the "uphill" inward transport of I − against its electrochemical gradient to the "downhill" inward translocation of Na + down its electrochemical gradient, which is generated by the Na − transport in several other tissues, including the lactating breast (7), salivary glands (7, 8), stomach (9), and small intestine (10, 11). The function of NIS appears to be an evolutionary adaptation to the scant amount of I − in the environment (12, 13). Amphipathy and helix propensity analyses suggest that NIS traverses the plasma membrane 13 times. Experimental testing has confirmed this topology and revealed that the N terminus faces the extracellular milieu and the long C terminus the cytosol (14). NIS is glycosylated at three positions-N225, N489, and N502 (15) (Fig. 1A )-but glycosylation is not essential for NIS function (15). We have generated a NIS homology model (5, 16, 17) (Fig. 1B) based on the structure in the inwardly facing conformation of another member of the SLC5 family (18) , the Na + /galactose cotransporter of Vibrio parahaemolyticus (vSGLT). NIS and vSGLT share 32% sequence identity and 64% similarity (between core residues 50 and 476). In this NIS homology model, the Na2 site of NIS is between the unwound region of transmembrane segment 2 (TMS2) and TMS9. Trigonal bipyramidal coordination of Na + is effected by the β-OH groups of S353 and T354 and the main chain -COs of A65, M68, and G350 (Fig. S1A) . We recently suggested (12) that, in the case of NIS, the release of the ions into the cytoplasm after the transition from the outwardly to the inwardly facing conformation can take place without a change in the affinity of the symporter for the ions: the change in ion concentrations between the external milieu and the cytoplasm is sufficient to trigger the release of the ions. If this is the case, the coordination of the ions bound to NIS probably involves the same residues in both conformations. Mechanisms in which the affinities for some of the transported substrates are similar in the outwardly and the inwardly open conformations have been reported for the bacterial lactose permease (19) and Glt Ph (20) . Here, we use our NIS homology model to predict and interpret the effect of mutations on transport by NIS even though, naturally, this process involves both the outwardly and the inwardly open conformations.
Mutations in the SLC5A5 gene (21) , the gene that encodes NIS, cause congenital iodide transport defect (ITD), a rare
Significance
The Na
− symporter (NIS) uses the Na + electrochemical gradient to actively transport I − into the thyroid with a 2 Na + :1 I − stoichiometry. In NIS and related transporters, one of the two Na + binding sites, Na2, includes a Ser and a Thr residue. We determined that, besides these residues, four other amino acids participate in binding Na + at the Na2 site, at different stages of the transport cycle. These residues are conserved throughout the entirety of solute carrier family 5 (SLC5), to which NIS belongs. Replacing any of these residues has a marked effect on transport and on the dynamics of NIS. These results not only deepen our understanding of the mechanism of transport by NIS but are also relevant to the study of other Na + -driven cotransporters.
autosomal recessive condition that results from NIS being either inactive (22) (23) (24) or not targeted to the plasma membrane (16, 17, 25, 26) . The resulting impairment in I − uptake in the thyroid leads to congenital hypothyroidism, which, unless treated early in life by TH administration, causes goiter and even mental retardation. Study of the 14 ITD-causing NIS mutations identified to date (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) has been instrumental in the identification of residues key for NIS transport activity (5, 16, 17, 22-25, 37, 38) . For example, the analysis of T354P revealed the role in NIS function of TMS9, where this mutation is located (23) . TMS9 contains the most amino acids with OH groups at the β-carbon of any NIS TMS, and many of these residues are conserved in all the members of the SLC5 family. Five residues in TMS9-T351, S353, T354, S356, and T357-are critical for NIS function because they participate in Na + binding and/or translocation, a conclusion supported by the high-resolution structure (1.65 Å) of the Aquifex aeolicus Na + -dependent leucine transporter (LeuT) (39) , in which the T354 and S355 side-chain oxygens coordinate Na + at the Na2 site. Because these residues correspond to NIS S353 and T354, we proposed that, although the sequence identity between LeuT and NIS is extremely low (∼12%), NIS may have the same fold as LeuT (37) .
The crystal structures (39) (40) (41) (42) , and computational studies (43), of several Na + -driven transporters have revealed that they share the LeuT fold. Some of these transporters, including NIS, use two Na + ions. Others use only one; in those, the Na + binding site is in a position structurally equivalent to that of the Na2 site of LeuT. These structural findings, together with converging biochemical data, have led to the proposal that the Na2 binding site is conserved in all Na + -coupled transporters with the LeuT fold (44, 45) . Many of the important questions about the use of the two ions have been investigated, particularly by employing LeuT as a model. The answers to several of these questions, however-such as what the binding order is-remain controversial (46) (47) (48) (49) (50) . One topic of particular interest is the allosteric interaction between the two sites. Surprisingly, the thermodynamic and structural determinants of this interaction have not been thoroughly investigated, despite its importance. In NIS, our analysis of whole-cell transport data carried out using a statistical thermodynamics formalism found that binding to one of the sites significantly increases the affinity for Na + of the other (12). Experiments using 22 Na + in a scintillation proximity assay (SPA) also showed strong cooperativity between the two sites (51). Furthermore, the cooperativity is lost when residues S353 and T354-Na + ligands at the Na2 site-are replaced by alanine (51) . The effect of these mutations suggests that the cooperativity between the sites involves, at least in part, some of the residues that form the Na2 site. As allosteric interactions require that the protein have access to multiple conformations, it is important to determine whether other residues besides S353 and T354 participate in the coordination of Na + at the Na2 site. In this paper, we describe the identification of residues involved in Na + binding at the Na2 site in NIS, a mammalian transporterincluding residues not previously identified as participating in Na + binding in any transporter belonging to this family. Initial clues about which residues might participate in coordinating Na + at the Na2 site were sought using short molecular dynamics (MD) simulations.
As the MD simulations (52) involved short runs, no attempt was made to identify conformational transitions between the outwardly and inwardly facing conformations, their onset, or the binding and unbinding of the ions. The MD simulations identified direct Na + ligands and residues that contribute to the coordination of the Na + by contacting other liganding residues. In addition to correctly identifying residues S353 and T354 as Na + ligands at the Na2 site, in agreement with our previously reported biochemical results (37), the MD simulations suggested that residues S66, D191, Q194, and Q263 also participate in Na + coordination at this site (52) . These suggestions were thoroughly tested experimentally: each residue was replaced with many other amino acids and the I − transport activity of the resulting NIS mutants measured. Substitutions at all six positions significantly impaired transport by NIS. To interpret these experimental observations, we carried out MD simulations in which some of these residues were replaced by some of the same amino acids whose effects we investigated experimentally. These simulations suggested that replacing any of the four residues mentioned above affects the overall coordination by the other residues.
Results
Ion-Binding Cavities. Of the cavities identified by the programs Cavenv, Voidoo, and fpocket in the NIS homology model (Materials and Methods), one corresponds to the Na2 site conserved in all transporters that share the LeuT fold (see below). The with Na + at the Na2 site. (C) The residues named in A are highly conserved in the SLC5 family. The residues in the other members of the family that correspond to the NIS residues of interest are shown in orange. Alignment was generated using ClustalW2 (www.ebi.ac.uk/Tools/msa/clustalw2/).
other was the large cavity that holds the substrate in the structures of LeuT, vSGLT, and BetP. We already reported the effects on I − and ReO 4 − transport of substitutions of residues lining this large cavity (5). Na + and I − were placed in different positions within the large cavity by themselves or in pairs with and without Na + at the Na2 site and short MD simulations were run and used to identify residues that get within a 3-Å radius of the Na + ion and/or a 4-Å radius of the I − . The binding site for each ion was considered to encompass the volume the ion was found in 90% of the frames. The detailed positions of the ions and their coordination were dependent on whether the sites of the other ions were occupied. Residues that coordinate I − under the different site occupancies include F67, Q72, Q94, M258, and S416, and those in the Na1 site are F67, Q72, Q94, and L289. Because the thrust of this paper relates to the Na2 site, further experimental validation of the proposed Na1 site and I − coordinating residues is beyond the scope of this work.
Identification of Residues That Coordinate Na
+ at the Na2 Site. We cast a wide net for possible binders of Na + at the Na2 site using a distance cutoff of 5 Å-i.e., any residue of which at least one atom was ≤5 Å from the Na + at the Na2 site in any frame was The distance between the Na + at the Na2 site and each residue shown was measured when only the Na2 site was occupied (blue), Na2 and Na1 were occupied (red), or Na2, Na1, and I − were all occupied (black). The x axis represents the distance between the Na + and the atom in the residue closest to it. The y axis represents the fraction of the 5,000 frames in which the Na + at the Na2 site was found at the indicated distance from the indicated residue. Each Inset shows two distances between the Na + at the Na2 site and the side-chain oxygen when the three ions were present (black line). For Q263, only one distance is shown, corresponding to the observed single peak. Each Inset also shows the position of S353. (G) Summary of the integrated frequencies and free energies of residues 0-3 Å from the Na + at the Na2 site. (H) Summary of the integrated frequencies and free energies of residues 3-5 Å from the Na + at the Na2 site.
tagged as a possible ligand. Analysis of the fraction of the frames in which these residues were within coordinating distance of the ion enabled us to identify six residues as the main contributors to binding Na + to this site. Two of them (S353 and T354) were already known to be ligands (37) , and the remaining four-S66, D191, Q194, and Q263-were newly identified as ligands (Fig.  2) . The participation of these six residues in coordinating Na + at the Na2 site was analyzed using three different criteria. The frequency with which the residues appear at a given distance from the Na + (histograms; Fig. 2 A-F) reveals that the coordination of the ion at the Na2 site depends strongly on whether the sites for the other two ions are occupied. These data are also summarized in Fig. 2 G and H. The fraction of all occurrences in which the distance between the residue of interest and the Na + at the Na2 site is between 0 and 3 Å ( Fig. 2G ; integrated probabilities) shows that two of the residues, Q194 and Q263, do not contact the Na + directly. That these residues do nonetheless participate is demonstrated by the integrated probabilities between 3 and 5 Å (Fig. 2H) , which show that both residues remain in the second coordination sphere when all three ions are bound. Q194 is also in this position with high probability when only the two Na + ions are bound. The two conditions (0 ≤ d Na ≤ 3 Å and 3 Å ≤ d Na ≤ 5 Å) correspond to two possible states that comprise a large number of conformations of each of the residues in the ensemble of conformations sampled. The probabilities (P i ) of these states can be used to estimate the free energy [ΔG = −RTln(P i )]. Free energies computed in this manner ( Fig. 2 G and H) represent the excess ΔG of conformations of the residues in the ensemble that occur with low frequency. The limiting values are ΔG = 0 for conformations that are part of the ground state and ΔG > 5.24 kcal/mol for conformations that are not observed in the simulation.
Binding of Its Ion Substrates Affects the Overall Fluctuations of NIS.
The effects of ion binding on the overall dynamics of NIS were studied using the elastic network model (ENM) formalism. Because the software currently available does not consider the effect of bound ions on the dynamics of the protein (53), we modified the code to increase the effect of small changes in the structure, including those induced by ion binding and mutations, on the low-frequency modes. In the original software, only Cα-Cα distances are considered in determining which residues are connected in the elastic network. This program does not identify residues that coordinate ions, and underestimates or even fails to detect the effects of mutations. Our modification to the software consists in using the distances between all atoms in determining which Cα atoms are connected to each other (off-diagonal terms) and to the ions, which are considered one-atom residues (Materials and Methods). The matrix, however, still only considers Cα and ion positions, and its size is equal to the number of amino acids plus the number of ions. The distance cutoff used (5 Å) was much lower than that used in the conventional algorithm. As a result of our modifications, the off-diagonal terms reflect changes in the side chains introduced by the mutations and the presence of the bound ions. Fluctuation profiles were obtained by generating random linear combinations of the six lowest-frequency vibrational modes to bring out the effects of the low-frequency/ high-amplitude motions. We recently demonstrated that binding of one Na + increases the affinity for Na + of the other binding site. Also, Na + binding increases the affinity of NIS for I − by a factor of ∼10 (12). These changes must reflect modifications in the conformation and the dynamics of the protein.
As expected, in the absence of bound substrates, the protein shows greater fluctuations, especially in the loops connecting TMSs (Fig. 3) . When Na + is placed in the Na1 site, there is a marked reduction in fluctuations along the entire protein. Binding of Na + to the Na2 site results in a lesser reduction; the reduction is more pronounced in the regions between TMSs 6 and 7 and TMSs 8 and 9. When Na + is bound to both sites, the fluctuations are similar to those with only the Na2 site occupied (Fig. 3) . When all three sites (the Na1, Na2, and I − sites) are occupied, there is a reduction in the fluctuations, equivalent to that observed when only the Na1 site is occupied. In summary, the fluctuations are highly dependent on the occupancy of the substrate sites: Na2 ∼ Na1 + Na2 > Na1 ∼ Na1 + Na2 + I − . These findings suggest that interactions between the ion binding sites involve changes in the overall dynamics of the protein brought about by ion binding. These changes may be responsible for the changes in affinity that occur at one substrate site when the other sites are occupied (12).
Substitutions of S66, D191, Q194, and Q263 Markedly Affect NIS Function. The role on NIS function of residues identified computationally as involved in the coordination of Na + at the Na2 site-S66, D191, Q194, and Q263-was investigated by carrying out transport assays in whole cells using NIS mutants with several substitutions at each of these positions (Fig. 4 and Fig. S2 ) (residues S353 and T354 had been investigated before; ref. 37 ). All mutants were properly targeted to the plasma membrane, as determined by flow cytometry under nonpermeabilized conditions using an antibody against the extracellular amino terminus hemagglutinin (HA) tag epitope ( Fig.  1A and Fig. S3) , and/or by cell surface biotinylation followed by Western blot analysis (Fig. S4) . Steady-state I − uptake experiments were carried out at subsaturating concentrations of I − (20 μM) (Fig.  4) , and at near-saturating concentrations (100 or 200 μM I − ; Fig. S2 ). Replacements of S66 with Thr, Cys, Ala, His, Tyr, and Asp had distinct effects on NIS activity. S66T and S66A NIS were the most active, retaining ∼40% the activity of WT NIS; S66C and Y retained ∼20%; and S66H and D were completely inactive (Fig. 4 and Fig. S2 ). Replacing D191 with Cys, Thr, Lys, Gln, His, or Ala caused a total loss of activity; replacing it with Ser, in contrast, produced a mutant that displayed ∼20% the activity of WT NIS at 20 μM (Fig. 4) or even 200 μM I − (Fig. S2 ). Substitutions at positions 194 and 263 produced mutant proteins with markedly reduced function. Q194D and E NIS were the most active mutants: each retained ∼30% the activity of WT NIS; Q194A, Y, S, F, and C retained ∼15-20%; and Q194H and N were completely inactive (Fig. 4 and Fig. S2 ). Q263E, Y, F, D, and H NIS were completely inactive at both 20 and even 100 μM I − , whereas Q263A and S exhibited ≤10%, and Q263N and C exhibited ∼20% the activity of WT NIS (Fig. 4 and Fig. S2 ). (Fig. S5) . Interestingly, Q194E and Y and Q263N NIS have a higher K m for Na + (∼120 mM) than WT NIS (Fig. 5) , suggesting a key role played by Q194 and Q263 in Na + binding at the Na2 site.
An Uncharged Residue Is Required at Position 194. To investigate whether or not the charge of the side chain in Q194D and E was responsible for the small reduction in activity, we measured I − uptake at three different pHs-6.0, 7.4, and 8.2-and compared the results to those obtained with WT NIS under the same conditions ( Fig. 5F ). At pH 6, the mutants displayed ∼45% the activity of WT NIS, whereas at pH 7.4, it was ∼20%, and at pH 8.2, <15% (Fig. 5F ). These results suggest that neutralizing the negative charge of Asp and Glu at position 194 removes the major difference between Gln and the substituted residues. The opposite effect was observed with Q194H. At pH 6.0 or 7.4, there was no I − uptake (as in nontransfected cells). At pH 8.2, however, Q194H NIS displayed low but significant transport (Fig. 5F ), underscoring the similarity between neutral His and Gln.
Discussion
The architecture of the Na + binding site known as Na2 is highly conserved among Na + -dependent transporters with the LeuT fold (39) , and it is to this site that Na + binds in Na + -dependent transporters with a 1 Na + : 1 substrate stoichiometry. The first LeuT 3D structure showed that Na + is coordinated at the Na2 binding site by two amino acid side chains with an -OH at the β-carbon (the other oxygens are main-chain carbonyls) (39) . The NIS residues corresponding to these LeuT residues are S353 and T354 (37) . In different transporters, individual or double replacement of the β-OH-residues by Ala at the Na2 site can have markedly different consequences (37, 43, 45, 48, (54) (55) (56) .
Binding of any of the ions to empty NIS increases the affinity of the protein for the other ions (12). The ENM analysis shows that ion binding changes the dynamics of the protein (Fig. 3) . This result suggests a mechanism for the increase in apparent affinity that may not involve a conformational change in the traditional sense-i.e., one between two distinct ground states. The decrease in the magnitude of the structural fluctuations revealed by the ENM analysis may instead involve an increase in the protein populations that are conformationally poised to bind the other ions. Effects of this type-i.e., allosteric effects in the absence of a conformational change between two largely different structureshave been proposed to occur in several other systems (57) (58) (59) .
Our analysis of the MD trajectories suggested that, besides S353 and T354, four other residues, S66, D191, Q194, and Q263, also take part in Na + coordination at the Na2 site (first and second coordination spheres). Alignment of SLC5 family members shows that these residues are highly conserved (Fig. 1C) , whereas residues in the region corresponding to TMS3 of NIS-which we have proposed is involved in substrate specificity and stoichiometry-are not highly conserved. The latter region, together with other nonconserved residues facing the same cavity, provides anion specificity (5).
The importance of S66, D191, Q194, and Q263 in NIS transport was determined by measuring the activity of mutants with amino acid substitutions at these positions. Although replacing these residues did not affect the plasma membrane targeting of the resulting mutants (Figs. S3 and S4) , it markedly affected their ability to transport I − (Fig. 4 and Fig. S2 ). D191 is key for NIS activity. All amino acid substitutions at this position result in loss of activity except D191S, which produces a functional mutant that, however, has only 20% the activity of WT NIS (Fig. 4) . Studies of other SLC5 family members have suggested that the equivalent residue in those proteins may also participate in the transport cycle. MD simulations of vSGLT (60, 61) showed that, when Na + is released from its binding site, it moves closer to D189 (which corresponds to D191 of NIS). When the corresponding residue in hSGLT1 (the human Na + /glucose cotransporter), D204, was replaced with E, C, or N, the resulting mutants retained some activity (62) . In NIS, the effects were more dramatic: the corresponding NIS mutants were completely inactive (Fig. 4 and Fig. S2) .
Position 191 has a stringent requirement for Asp in NIS. The residue is a direct ligand of the Na + at the Na2 site when either Na + is bound to the Na2 site or both Na1 and Na2 have ions bound to them (Fig. 2 B and G) . When I − binds, the residue leaves the coordination sphere of the ion (Fig. 2 B and G) and becomes part of the second coordination sphere (Fig. 2H) . These functions require an amino acid that is an excellent Na + ligand, and a good H-bond acceptor. Glu, despite having these characteristics, may be too long and hence fail to coordinate the Na + . Lys not only is too long but has a positive charge. Asn, Gln, Cys, Ala, and His are not good Na + ligands, and Gln and His are probably also too long. Ser and Thr do frequently coordinate Na + , but only Ser yields a (partially) active NIS molecule. These two amino acids behave differently because Thr, a β-branched residue, can adopt only a limited number of side chain conformations, especially when located in a helix. D191S NIS is less active than the WT probably because of the loss of the negative charge and because the interaction with the Na + is weakened owing to the failure of the shorter serine side chain to fully reach a liganding position. The presence of Ser at position 191 dramatically affects the overall coordination of Na + at the Na2 site, impairing transport but the K m of D191S for Na + is not altered (Fig. S5D ). This behavior may be due to the change in coordination in the mutant: Na + at the Na2 site is closer to S353 and T354 (Fig. 6 C, G, and H) than to the side chain of residue 191. In short simulations, the -COO − of the side chain of D191 forms a hydrogen bond with the amino group of the side chain amide of Q194 (Fig. S1B) , which is located in the same TMS. This interaction seems to be essential for NIS function. The hypothesis that D191 and Q194 interact in the course of transport by NIS is consistent with the results obtained with PutP (63) .
The biochemical data point to S66 as one of the key residues in NIS-mediated I − uptake (Fig. 4) . S66 coordinates Na + at the Na2 site when only this site is occupied and when all three ion sites have ions bound to them (Fig. 2 A and G) . When only the two Na + sites are occupied, S66 oscillates between coordinating the Na + directly and interacting as a second sphere ligand (Fig. 2  A, G, and H) . The equivalent position in PutP is also important (64, 65) . In NIS, the Na + at the Na2 site interacts with the -CO of the main chain and with the O β of the S66 side chain (Fig. 7D) .
The most active of the S66 mutants, S66T NIS, retains 40% of the activity of the WT even though it coordinates Na2 significantly differently. In the conformations permitted to the Thr in an α-helix, T66 does not coordinate the Na + (Fig. 6 B and G) . Instead, it moves to the second coordination sphere (Fig. 6H) , where it stabilizes other coordinating residues. In S66T NIS, which has a K m for Na + similar to that of WT NIS (Fig. S5B ), S353 and T354 are at distances from the Na + at the Na2 site similar to the corresponding distances in WT NIS, whereas D191 and Q194 are closer to, and T66 farther away from, the Na + at the Na2 site than in WT NIS (Fig. 6 B, G, and H) , suggesting a different but still effective coordination.
Replacing Q194 with other residues yields mutants that transport 15-30% as much I − as the WT, except for Q194N and H NIS, which are both completely inactive (Fig. 4) . Kinetic analysis of Q194E and Y NIS revealed that Q194 is involved in Na + binding, as the K m for Na + of these mutants was approximately twice that of WT NIS (Fig. 5E) . The pH dependence of I − uptake by Q194E indicates that protonation of the -COO − of the glutamate side chain leads to a considerable increase in activity. (The same is true for Q194D.) A pH effect is also observed with the Q194H mutant: deprotonation of the imidazole results in low but still significant activity, probably because a deprotonated His can play a role similar to that of Gln (Fig. 5F ). MD simulations with the protonated Q194Ep suggest that the conformation of Q263 is most affected (Fig. 6H) , but the lower apparent affinity of Q194Ep NIS for Na + may be due to an increased distance in this mutant between T354 and the Na + at the Na2 site (3.8 Å), which is greater than the corresponding distance in WT NIS (∼2.2 Å) ( Fig. 6D; see also Fig. 6 G and H) . When E194 is not protonated (Q194E − ), more substantial changes occur: only T354 and S66 remain at a coordination distance from Na2 (Fig. 6 E, G, and H) .
As mentioned above, Q263N NIS had a higher K m for Na + than WT NIS even at 200 μM I − . Q263 is in the unwound region of TMS7, and its side chain forms H-bonds with the main chain groups of V266, M258, and Y259 (Fig. S1 C-E) . Moreover, Q263 interacts with S66, and even though in our MD simulations Q263 remains far from the Na + at the Na2 site (second coordination sphere; Fig. 2H ), this residue helps maintain the binding conformation of S66 (Fig. S1F) . In NIS, replacements of Q263 severely affect I − transport. Even the most active 263 mutant, Q263N NIS, retained only ∼20% the activity of WT NIS. Q263N NIS showed marked changes in Na2 coordination, as only T354 and S66 remain within liganding distance of the Na + at the Na2 site (Fig. 6 F and G) , consistent with the higher K m for Na + of Q263N (three times that of WT NIS). The residues corresponding to Q263 of NIS have never been characterized in other SLC5 family members.
Surprisingly, S353 was found to be close to Na + at the Na2 site only when I − was not bound, suggesting that in the inwardly open conformation this Na + is the first to be released [as has been proposed for the multihydrophobic amino acid transporter (MhsT) (40) ]. On the other hand, NIS T354 coordinates Na + at the Na2 site, along with S66, when all ions are bound (Fig. 2 A, F , and G), indicating that T354 continues to ligate Na + during the conformational changes that lead to substrate translocation.
The experimental affinity for Na + is low and the coordination is dynamic-as expected for the coordination of an alkali metal. Accordingly, under some substrate-binding conditions, two distances between S66, D191, and T354 and the Na + at Na2 were frequently observed (Fig. 2 A, B, F, G, and H) , indicating that the side chains adopt two different stable conformations, only one of which participates in the coordination. If Na + is to remain bound at the Na2 site when S353 adopts a nonliganding conformation, other residues must compensate for the loss of binding. When one residue replaces another, as its distance from Na + decreases, the distance between the other residue and Na + increases (yielding a negative correlation coefficient; Fig. 7A ). Two residues that jointly approach or move away from the Na + at the Na2 site have a positive correlation coefficient (Fig. 7A) . Interestingly, these conformations are observed even in these short simulations, indicating that Na + coordination at this site is indeed highly dynamic. When D191 is far from the Na + at the Na2 site, the site's coordination is taken over by the O β of T354 and the -CO of the S66 main chain (Fig. 7C) . When T354 is far from Na + , the coordination of this cation at the Na2 site is mediated by S66, through its O β , and by D191 (Fig. 7D) ; but when the Na + at the Na2 site is closest to the Q263 side chain, T354 and S66 mediate the coordination (Fig. 7E) . Fig. 7 . Na2 network. (A) Correlation of the distances between residues whose movements are associated with coordination of the Na + at the Na2 site. The correlation coefficients of the distances of the two residues from the Na + at the Na2 site shown in column 1 are given in column 2. Two residues that replace each other in Na + coordination have a negative correlation value (orange); two residues that jointly approach or move away from Na + have a positive correlation value (light green). The average distance between each of the residues and the Na + and the corresponding SD are shown in columns 3 and 4. Correlations between residue displacements are summarized. (B) Coordination of the Na + at the Na2 site mediated by S353 and T354 when Na1 and Na2 are occupied. (C-E) Representative frames corresponding to the farther-away peak for T354, D191, and S66. (C) When Na1, Na2, and I − are occupied, the Na + at the Na2 site moves far away from S353 and T354, and S66 coordinates the Na
T354 is not coordinating the Na + at the Na2 site, D191 and S66 are close enough to the Na + to hold it. (E) When T354 and S66 are coordinating the Na + , Q263 is too far away to be a Na + ligand. Note the movement of the side chain of S66 (compare with C).
a
The correlation coefficient C is given by
The data presented here shed light on the relative affinities of the Na1 and Na2 sites and their cooperativity-i.e., how binding to one site affects the apparent affinity for Na + of the other. Although S353 and T354 of NIS do not directly coordinate Na + at Na2 when only Na2 is occupied (Fig. 2) , substitutions at these positions have a dramatic effect on the transport activity of the protein (37, 51) . Both these residues, however, coordinate Na + at the Na2 site when the Na1 site is occupied. Far from being surprising, this observation leads to an important mechanistic conclusion: binding of Na + to the Na1 site increases the affinity for Na + of the Na2 site by allowing residues S353 and T354 to coordinate Na + at the Na2 site-either through a defined conformational change or by reducing the magnitude of the fluctuations, thereby increasing the population of the binding-competent conformations. In support of this conclusion, SPA Na + binding data on the S353A/T354A mutant showed that the mutant NIS has two affinities-one in the range of 1-2 mM and the other in the range of 90-120 mM (51) . This finding can be interpreted as indicating that, in the double mutant, the cooperative interactions are lost, yielding a highaffinity Na1 site and a disrupted Na2 site (51) .
Conclusions
Residues S353 and T354 and S66, D191, Q194, and Q263 participate in coordinating Na + at Na2. The results of our biochemical experiments designed on the basis of our observations from the short MD simulations are summarized in Fig. 8 . This analysis suggests that, when all three ions are bound to NIS, S353 drifts away from the Na2 site, aiding in releasing the Na + . At this stage, T354 still coordinates Na + , together with S66 and D191. Once Na + is released into the cytoplasm, the Na2 site may be stabilized by the S353-Q194 interaction (Fig. S1B) . Q263, located in the unwound region of TMS7, may function as a sensor for the release of Na + from the Na2 site, and direct the ensuing conformational changes in TMS7 to bring about the release of Na + from the Na1 site and I − from the I − site. Along with our direct observations of the effects of the mutations, the data suggest that once Na + binds to Na1, the affinity for Na + of Na2 increases, making binding of the second Na + more favorable. Given these affinities, most molecules willeven in the absence of an obligatory binding order-bind Na + first to Na1 and then to Na2, unless there are very different kinetic barriers for binding to the two sites; binding in the opposite order is possible but will be infrequent.
Materials and Methods
Cell Culture and Transfections. COS-7 and HEK 293T cell lines obtained from the American Type Culture Collection were cultured in DMEM media (Life Technologies) supplemented with 10% FBS (Gemini BioProducts), 10 mM glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin (Cellgro). Cells were transiently transfected with 4 μg NIS cDNAs per 10-cm plate using Lipofectamine/Plus reagent (Life Technologies) following the manufacturer's instructions. Cells were split 24 h after transfection and analyzed by FACS to determine the transfection efficiency (25) . I − uptake activity, immunoblot, and surface biotinylation were assayed 48 h after transfection.
Site-Directed Mutagenesis. Generation of S66, D191, Q194, and Q263 mutants was performed using as a template HA-tagged rat NIS cloned into pcDNA3.1.
A PCR was performed with primers carrying the specific codon using Kod Hot Start DNA polymerase (Novagen). The template plasmid was digested with DpnI (NEB), and the PCR product was phosphorylated with T4 PNK (NEB), ligated with T4 DNA ligase (NEB), and transformed in TOP10. All constructs were sequenced to verify specific nucleotide substitutions.
Cell Surface Biotinylation. Biotinylation of cell surface proteins was performed as previously described (24) . Briefly, transfected cells were incubated with 1 mg/mL of the membrane-impermeable biotin reagent sulfo-NHS-SS-biotin (Pierce Chemical), which covalently interacts with extracellular primary amines. Cells were lysed, and biotinylated proteins were precipitated overnight with streptavidin-coated beads (Pierce Chemical). Beads were washed, and adsorbed proteins were eluted with sample buffer containing 10 mM DTT at 75°C for 5 min and analyzed by immunoblot.
Immunoblotting. SDS/PAGE, electrotransference to PVDF membranes, and immunoblotting were carried out as previously described (14). Membranes were incubated with 4 nM of an affinity-purified polyclonal anti-rat NIS Ab directed against 16 residues of the cytosolic NIS carboxyl terminus. Equal loading was assessed by stripping and reprobing the same blot with 0.5 μg/mL monoclonal anti-Na Identification of Ion-Binding Sites. The final model of NIS was analyzed for cavities that might correspond to ion-binding sites using the programs Voidoo (Uppsala Software Factory), Cavenv (CCP4 suite), and fpocket (67) . Besides the Na2 site, the program identified an additional major cavity that structurally coincides with the locations of the vSGLT and LeuT substrates previously determined by X-ray crystallography. We then tested for potential binding sites for Na + and I − by randomly selecting different locations in the major cavity and running short (10 ns) MD simulations. In the first set of simulations, we used one ion type at a time, but because binding can be cooperative, we also ran simulations using combinations of ions. Each run comprised 20 simulations with the ions at different initial positions. Only the last 8 ns of each simulation was used to determine which residues were involved in binding the ions. We considered only those simulations in which the ions were bound to the protein and discarded those in which the ions diffused away from the NIS cavity.
MD Simulations. Constant number of atoms, volume, and temperature (NVT) MD simulations were carried out with CHARMM 35b1 (52) using the CHARMM 27 force field parameters with implicit solvent. The Generalized Born using Molecular Volume (GBMV) model was used to account for the influence of the membrane (68-71). The system was minimized using conjugate gradients and the adapted-basis Newton-Raphson (ABNR) method, for 4,000 steps each. The system was then gradually heated from 100 to 300 K over the course of a 100-ps simulation, followed by equilibration at 300 K (for 100 ps) and data collection for 500 ps in the NVT ensemble. The cutoff distance for nonbonded Coulomb and Lennard-Jones interactions was set to 12 Å, with a switching function at 10 Å. Simulations were carried out with an integration time step of 1 fs using the SHAKE algorithm for bonds involving H-atoms. Data were analyzed using VMD and programs written in-house. Results were validated for WT NIS with explicit water and a POPC membrane using GROMACS 5.0 (72, 73) . The initial water molecules and the bilayer were built using the web-based automated builder CHARMM-GUI (74) (75) (76) . The protein model used was the same as that used in the implicit solvent simulation. The NIS model was wrapped in a 1.8-nmthick POPC lipid bilayer (220 lipid molecules), and the membrane-protein system was solvated with a 2-nm-thick layer of TIP3 water on each side of the lipid (22,205 TIP3 water molecules), which shapes the model into a cubic box. The explicit solvent system has five net positive charges and was neutralized by replacing 125 TIP3 water molecules with 60 Na + ions and 65 Cl − ions (0.15 mM NaCl). Ten Cl − ions were manually replaced with 10 I − ions, which made the I − concentration 0.02 mM. Two Na + ions and one I − ion were manually aligned to the proposed binding sites using the molecular visualization tool VMD (77) . The CHARMM 36 force field was used in the simulation, and the topology was generated automatically while CHARMM-GUI built the model. The energy was minimized using the steepest descent method. The reference temperature was set to 310 K, and the system was coupled to an external heat bath using a Berendsen thermostat and was equilibrated in six stages. The time step was set to 1 fs during the first three stages and 2 fs during the following three stages. The first and second stages consisted in a 50-ps-long NVT equilibration, and the third involved a 25-ps-long constant number of atoms, pressure, and temperature (NPT) equilibration. The last three stages consisted in a 2.1-ns-long NPT equilibration. The equilibrated system was extended into a 100-ns-long MD production simulation using a Nose-Hoover thermostat. The LINear Constant Solvent (LINCS) algorithm was used to constrain bonds, and the Particle Mesh Ewald algorithm was used to treat long-range electrostatic interactions during equilibration of the system and MD production runs (72) (73) (74) (75) (76) (77) .
The frequency with which the coordinating residues are present at a given distance from the Na + at the Na2 site (Figs. 2 and 6 ) provides information about the free energy cost of having the residue in a conformation compatible with liganding the ion. Using the term N close to denote the number of occurrences of a coordinating residue at a liganding distance (i.e., d ≤ 3.0 Å; see ref. 78) and N far to denote the number of occurrences of a coordinating residue too far away to bind the ion, the integrated probability P i of the residue being in a liganding position is given by P i = N close /N close + N far and the free energy cost of adopting the binding conformation is ΔG = −RTln(N close /N close + N far ). For residues that remain in the liganding conformation, ΔG is zero, and for those adopting a liganding conformation only part of the time, ΔG will be greater than zero. Obviously, as in the histograms, the values will differ between the WT and mutants and among the mutants. To capture residues that contribute to Na + binding by interacting with and positioning liganding residues, we did the same calculations counting the occurrences of the selected residues between 3 and 5 Å from the Na + . The data for the WT with Na + at Na2, with Na + at Na2 and Na1, and with the three ions bound are shown in Fig. 2 . Data for the WT and mutants in the presence of all three ions are shown as part of Fig. 6 .
Normal Mode Analysis. Normal mode analysis calculations were done with a version of the Gaussian network model (GNM) program (79) (80) (81) modified to consider distances between all atoms in determining which Cαs are connected in the network and to include the ion substrates. The nodes in the networks represented all of the Cα atoms plus the bound ions. To determine which nodes were connected (off-diagonal terms), a double loop was added to the program for each residue pair to determine the distances between all atoms in the two residues. Two Cαs were considered connected if any two atoms in the residues were closer than a cutoff distance (R c = 5 Å) much shorter than that used in the original program. For programming purposes, the ions were treated as oneatom residues. For the GNM program, the structures were energy minimized as described above for the MD simulations. Fluctuation profiles were estimated as follows: for each position, we combined the contributions of the eigenvectors of the first six modes using random numbers α k (Σα k = 1) (to bring out the effects of the low-frequency/ high-amplitude motions). This calculation was repeated 1,000 times with different random numbers, and the 1,000 values for each individual Cα atom in the chain were averaged (82) . We showed that the calculation converges when more than 500 values are averaged. In addition, very similar profiles were obtained when the first 12 eigenvectors were used.
Note Added in Proof. While this paper was being reviewed, Adelman et al. (83) published a paper reporting the identification of residues in the Na + site of vSGLT corresponding to some of the residues discussed here.
